ABSTRACT: Rapid, one-pot, concerted, site-specific labeling of proteins at genetically encoded unnatural amino acids with distinct small molecules at physiological pH, temperature, and pressure is an important challenge. Current approaches require sequential labeling, low pH, and typically days to reach completion, limiting their utility. We report the efficient, genetically encoded incorporation of alkyne-and cyclopropene-containing amino acids at distinct sites in a protein using an optimized orthogonal translation system in E. coli. and quantitative, site-specific, one-pot, concerted protein labeling with fluorophores bearing azide and tetrazine groups, respectively. Protein double labeling in aqueous buffer at physiological pH, temperature, and pressure is quantitative in 30 min.
T he ability to attach two distinct molecules to programmed sites in proteins will facilitate a variety of applications including FRET 1,2 to study protein structure, conformation, and dynamics. Several approaches for the double labeling of proteins have been reported. One approach relies on the installation of one unnatural amino acid that is specifically labeled in combination with cysteine thiol labeling, but this approach is generally limited to proteins that do not contain more than one free thiol. 3, 4 Chemical ligation approaches can be combined with the genetic encoding of a single unnatural amino acid for protein labeling, 5 but this may limit the size and/or sites that may be labeled. Perhaps the most generally applicable approach for protein double labeling is based on the genetic incorporation of two distinct amino acids in response to two distinct codons introduced at user defined sites in the gene of interest.
An ideal strategy for dual labeling requires (i) the efficient, cellular incorporation of two distinct unnatural amino acids bearing bioorthogonal functional groups that do not react together, into a protein and (ii) the quantitative, rapid, sitespecific labeling of each encoded functional group at physiological temperature, pressure, and pH upon the simultaneous addition of both labeling reagents.
The cellular, genetically directed incorporation of two distinct unnatural amino acids into proteins has been demonstrated in response to an amber codon and a quadruplet codon, 6 two distinct stop codons, 7, 8 or two distinct quadruplet codons. 9 We previously demonstrated the evolution of an orthogonal ribosome (ribo-Q1) that efficiently reads quadruplet codons and amber codons on an orthogonal mRNA using cognate extended anticodon tRNAs or amber suppressors, respectively. 6 We demonstrated that the PyrrolysyltRNA synthetase (PylRS)/tRNA pair and synthetically evolved derivatives of the Methanococcus janaschii Tyrosyl-tRNA synthetase (MjTyrRS)/MjtRNA pair are mutually orthogonal in their aminoacylation specificity and can be used to direct the incorporation of pairs of unnatural amino acids in response to amber and quadruplet codons. 6 We recently described several major advances in this system, including the evolution of a series of quadruplet decoding tRNAs based on the PylRS/ tRNA pair that efficiently direct the incorporation of unnatural amino acids in response to quadruplet codons using the evolved orthogonal translation machinery. 9 We demonstrated efficient incorporation of numerous pairs of unnatural amino acids using the evolved PylRS/tRNA UACU pair and derivatives of the MjTyrRS/tRNA CUA pair with orthogonal messages bearing AGTA and TAG codons and ribo-Q1, as well as the incorporation of unnatural amino acids in response to two distinct quadruplet codons. 9 A variety of approaches have been reported for labeling two distinct bioorthogonal groups in proteins. These approaches are slow, typically taking tens of hours to days to reach completion. Azides and alkynes have been encoded in the same protein, 6, 7 but these react together when placed in proximity 6 and the alkynes and azide probes used to label them will react together if added simultaneously. Azides and ketones have been encoded, 8, 10 but unnatural amino acids bearing azides are prone to reduction, 8, 11 and ketone mediated reactions commonly require a low pH and have very slow rates (rate constant approximately 10
. 12 We recently genetically installed a deactivated tetrazine containing amino acid 13 and a norbornene containing amino acid 14−16 at distinct sites in a single protein 9 and selectively labeled the encoded amino acids with fluorophores for FRET studies. 9 However, the labeling reactions, while rapid and proceeding at physiological temperature and pH, did need to be implemented sequentially to avoid reactions between the two labeling reagents.
A promising pair of mutually orthogonal reactions for onepot labeling under aqueous conditions at physiological pH are the Cu(I)-catalyzed (3 + 2) cycloaddition between azides and terminal alkynes, 17 and the inverse electron demand Diels− Alder reaction of strained alkenes and tetrazines 18−23 (Scheme 1). The reaction of strained alkynes and azides can also be orthogonal to strained alkene−tetrazine reactions, but since tetrazines react with strained alkynes, this approach requires careful tuning of the rate constants for each reaction. 24 No combination of (3 + 2) cycloaddition and inverse electron demand Diels−Alder reaction has been demonstrated for labeling a single protein.
We recently demonstrated that a 1,3 disubstituted cyclopropene containing amino acid, 2, can be efficiently and sitespecifically incorporated into proteins using the PylRS/ tRNA CUA pair. 25 This amino acid is smaller than most bioorthogonal dienophiles and reacts with tetrazines 19, 26 with an on-protein rate constant of 27 M −1 s −1 . 25 Here we demonstrate the efficient genetic encoding of a terminal alkyne containing amino acid 1 and a cyclopropene containing amino acid 2 into a single protein and their rapid, quantitative, one-pot labeling with azide and tetrazine probes (Scheme 1). This work provides the first approach to the concerted double labeling of proteins in a one-pot process under aqueous conditions, at physiological pH, and provides a step change in the speed of double labeling, from days in previous work to 30 min in the approach reported here.
Proteins containing either 1 or 2 were overexpressed to examine the specificity of the proposed labeling reactions. A fusion protein of glutathione-S-transferase and calmodulin (GST-CaM) with amino acid 1 at position 1 in calmodulin was expressed from cells containing ribo-Q1 (an evolved orthogonal ribosome 6, 27, 28 ), O-gst-cam 1TAG (a fusion gene between glutathione-S-transferase (gst) and calmodulin (cam) on an orthogonal message 29 in which the first codon of cam is replaced with a TAG codon), and MjPrpRS/tRNA CUA (a synthetase/tRNA pair developed for incorporating 1 in response to the TAG codon) 30 grown in the presence of 1 (2 mM). The yield of GST-CaM1 1 was 4 to 5 mg per L of culture. The GST tag was subsequently removed by cleavage using thrombin at an engineered thrombin-cleavage site between GST and CaM. CaM1 1 (CaM containing 1 at position 1, ∼100 pmol) was labeled with the azide containing fluorophore 3 (2 nmole), in a Cu(I)-catalyzed click reaction. The reaction was quantitative as judged by both the quantitative shift of the fluorescently labeled protein by SDS-PAGE and electrospray ionization mass spectrometry (ESI-MS) (Figure 1a) .
The cyclopropene containing amino acid, 2, was site specifically incorporated at position 40 of calmodulin. The modified protein was expressed in cells bearing the PylRS/ tRNA CUA (that efficiently directs the site-specific incorporation of 2), 25 ribo-Q1, and O-gst-cam 40TAG grown in the presence of 2 (1 mM). The yield of GST-CaM2 40 was 4 to 5 mg per L of culture. CaM2 40 (∼100 pmol) (obtained after thrombin cleavage of the GST tag) was labeled with the tetrazine containing fluorophore 4 (2 nmol). The reaction was quantitative as judged by both the quantitative shift of the fluorescently labeled protein by SDS-PAGE and electrospray ionization mass spectrometry (ESI-MS) (Figure 1b) . CaM2 40 was not labeled with 3 under the conditions that led to quantitative labeling of CaM1 1 with 3 ( Figure 1a) . Similarly, CaM1 1 was not labeled with 4 under conditions where CaM2 40 was quantitatively labeled with 4. These experiments demonstrate that the two labeling reagents react quantitatively with their target amino acid, but do not react with nontargeted unnatural or natural amino acids in proteins.
Next, we investigated labeling 1 and 2 within the same protein. We site-specifically incorporated 1 and 2 at positions 1 and 40 of calmodulin to produce CaM1 1 2 40 (Figure 2) . We directed the incorporation of amino acid 1 with an MjPrpRS/ tRNA CUA pair and the incorporation of amino acid 2 with the evolved PylRS/tRNA UACU pair, which efficiently decodes the quadruplet AGTA codon on orthogonal messages using ribo-Q1. 9 Unnatural amino acids were incorporated in response to UAG and AGTA codons at positions 1 and 40 in calmodulin within a GST-calmodulin gene on an orthogonal message (Ogst-cam 1TAG-40AGTA ). Expression of full-length GST-CaM1 1 2 40 was dependent on the addition of amino acids 1 and 2 to E. coli, and ESI-MS demonstrated the genetically directed incorpo- Journal of the American Chemical Society To determine the time required to quantitatively label CaM1 1 2 40 with azide 3 or tetrazine 4 we incubated 100 pmol of CaM1 1 2 40 with 2 nmol of either 3 or 4 and followed each reaction by both mobility shift on SDS-PAGE and fluorescent imaging upon labeling (Figure 2b ). These experiments demonstrate that fluorophore labeling is complete in 30 min.
Next we investigated the labeling of CaM1 1 2 40 with both 3 and 4 ( Figure 3 ). We first tested the addition of 4 (2 nmol) to CaM1 1 2 40 (100 pmol) followed by purification to remove free 4, and subsequent labeling with 3 (2 nmol) (Figure 3a lane 4) . This led to efficient double labeling as judged by the SDS-PAGE mobility shift and fluorescence imaging. Next we performed sequential one-pot labeling without purification by incubating CaM1 1 2 40 with 4 for 30 min and then adding 3 and click reagents and incubating further for 30 min (Figure 3a lane  5) . This also led to efficient double labeling as judged by the SDS-PAGE mobility shift and fluorescence imaging. Finally, we simultaneously added 4 (2 nmol), 3 (2 nmol), and click reagents to CaM1 1 2 40 (100 pmol) and incubated for 30 min (Figure 3a lane 6) . This again led to efficient double labeling as judged by the SDS-PAGE mobility shift and fluorescence imaging. In all doubly labeled proteins we observe a decrease in the BODIPY-FL fluorescence relative to the singly labeled control upon excitation at 488 nm (compare lanes 4, 5 and 6 to lane 3 in Figure 3a) , consistent with in-gel FRET. ESI-MS further demonstrates that this concerted, one-pot protocol leads to genetically directed efficient, rapid, and quantitative double labeling of proteins. Additional control experiments demonstrate that wild-type calmodulin is not labeled by 3 or 4 ( Supplementary Figure 3) , further confirming the specificity of the labeling reactions. We repeated the labeling and characterization of CaM1 1 2 40 with 3 and 5 (Supplementary Figure 4) . To further demonstrate the generality, we expressed and purified CaM1 1 2 149 and quantitatively labeled these with 3 and 5 in 30 min, as judged by SDS PAGE and ESI-MS. Fluorescence spectra (Supplementary Figures 4 and 5 ) demonstrate FRET when calmodulin is labeled with donor and acceptor fluorophores at positions 1 and 40 and at positions 1 and 149, as expected. 9 In summary, we report an efficient and rapid protocol for expressing recombinant proteins bearing a site-specifically incorporated alkyne and a site-specifically incorporated cyclopropene. We demonstrate that the inverse electron demand Diels−Alder reaction of an encoded 1,3 disubstituted cyclopropene and tetrazine probes, and the (3 + 2) cycloaddition reaction of the encoded alkyne and azide probes are mutually orthogonal to each other and to the functional groups in proteins. By combining the genetic encoding of an alkyne and a cyclopropene in a single protein and labeling with the mutually orthogonal reactions, we demonstrate the concerted, one-pot rapid double labeling of a protein in aqueous media at physiological pH and temperature. While the rate of protein labeling at specific sites in proteins may depend on local structure, sterics, and electrostatics, we anticipate that this strategy will prove useful for the double labeling of diverse proteins at diverse sites for a variety of studies. The strategy we have reported here may be extended to the double labeling of diverse molecules in cells and organisms, as well as by the use of nontoxic copper catalysts 31−33 or the development of additional bioorthogonal reactions. 34 
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